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CHAPTER I. INTRODUCTION

In recent times it has been found increasingly necessary
to found major structures and facilities on marginal
foundation materials due to a declining number of ideal
building sites. Only the careful application of the
principles of soil mechanics can assure sound foundation
design where the soils involved are weak or sensitive to
imposed loads. The principal tool of a geotechnical
engineer in assessing subsurface conditions is the infor-
mation provided by an adequate exploration of the area

and determination of soil properties through representative
sampling and testing. The need for greater reliability in
the evaluation of weak soils has resulited in the develop-
ment of a new family of in situ soil testing equipment.
The purpose of this study was a comprehensive evaluation
of several of the more promising of these devices.

Soils are rarely homogeneous. Their properties are subject
to significant variation vertically and horizontally. These
properties can be altered by boring, sampling, and testing
procedures; or by handling in the Taboratory. As a resuit,
the mechanical properties determined in the laboratory may
often differ appreciably from those in situ.

Furthermore,‘certain soils as found in nature cannot be
sampled satisfactorily or prepared properly for laboratory
tests regardless of the degree of care exercised. These
include soils with a considerable secondary structure such
as fissures, joints, slickensides or concretions, and

those containing particles of rock or shells of appreciable
size. It is, therefore, often desirable to test such soils
as they naturally occur.



A]though:the pﬁime factor favoring the in situ testing
concept is improved accuracy, there is a secondary com-
pelling benefit: economics. The high cost of subsurface
exploration has, in many cases, inhibited its utilization
to the maximum desirable extent. It is probable that in
situ equipment in the hands of experienced operators can
produce a greater quantity of reliable data at less cost
than conventional sampling and testing methods now
generally employed.

The in situ devices evaluated as part of this project can
be classified by three general types: 1) shear devices,
2) penetration devices, and 3) pressuremeters, as shown
by Figure 1, The shear devices evaluated were the Iowa
Borehole and the Vane Shear. The penetration devices
were the Standard and Dutch Cone penetrometers. The
Cambridge pressuremeter was also evaluated as part of
this project. Two French self-boring pressuremeters were
evaluated recently by this Department, for another feder-
ally financed project(1,2).

Objectives’

The two main objectives of this research project were:

1. To evaluate the reliability and limitations of the
five in situ measuring instruments previously listed.

2, To determine the capacities of the equipment ta ful-
fil1l the requirements of the Department of Transportation
and develop procedures for its employment.



INSITU MEASLIJRING DEVICES

| ] I
SHEAR PENETRATION PRESSUREMETER

DEVICES DEVICES DEVICES
—L— | 1
DIRECT TORSIONAL  DYNAMIC STATIC SELF PRE~
SHEAR  SHEAR l BORING DRILLED
IOWA  VANE  STANDARD putch  ENGLISH FRENCH  menarp
BORE HOLE SHEAR PENETROMETER  CONE l PRESSURE
SHERR  DEVICE PENETROMETER METER

DEVICE CAMBRIDGE PAF-68

INSITU &
PROBES PAF-72

Figure 1 CLASSIFICATION OF IN SITU DEVICES

Scope

The project was initiated in fiscal year 1972-73 by the
Geotechnical Branch of the Caltrans Transportation Labo~
ratory. 1Its scope, which was subsequently expanded, is
summarized as follows: 1., Select saveral sites that
contain representative soils suitable for testing in situ
probes; 2, Conduct an undisturbed sampling program in-
volving the recovery of both 2- and 3-inch diameter
samples; 3. Perform laboratory tests to determine soi]
properties under laboratory conditions; 4. Adapt and modify
the five probes so that they can be used with available
Caltrans drilling equipment; 5. Evaluate the five probes
in the field; 6. Compare the parameters derived from the



w

field in situ tests with the soil parameters derived from
the Taboratory testing; 7. Compare the strength parameters
obtained from 2- and 3-inch diameter samples in order to
establish the effect of this varjation in sample size:

8. Develop test procedures for the subject probes.




bHAPTER 2., SITE DESCRIPTIONS AND FIELD TESTING PROGRAM

The field testing program consisted of delineating the
various soil layers present at the test sites, collecting
representative "undisturbed” samples for laboratory tests,
and conducting field tests with the five in situ probes.

From a group of more than ten sites, three were chosen for
the project. Their locations are shown in Figqure 2.

Lot Angelan

uaxlco

Figure 2 MAP SHOWING LOCATIONS.GF SITES 1-3



" ‘Site T - Downtown Sacramento

The preliminary design studies for Interstate Freeway 80
through the City of Sacramento included foundation explora-
tion for structure approach embankments. The freeway
alignment traverses a'park located about six city blocks
east of the Sacramento River crossing. A natural lake is
situated on the south side of this park.

Original foundation exploration in the area of the lake
revealed that the very soft silty clay deposit in the area
was too deep for stripping. The freeway design in this
area was accordingly modified from embankment to structure.
Approximately 200 feet of the south end of the lake was
dredged to remove several feet of the extremely soft lake
bottom deposits. This area was dewatered and backfilled
with imported silty sand from local sources. Site 1 is
located over this area. Construction was completed in
1962. A generalized soil profile for this area is shown
in Figure 3.

Site 2 - Mare IsTand

Site 2 is located where State Highway Route 37 crosses
the Napa River, close to the U.S. Naval Base at Mare
Island, California. During exploration preliminary to
the construction of a new river-crossing structure, the
area foundation soil was determined to be soft, highly
plastic clay to depths in excess of 45 feet. This rela-
tively homogeneous, low-strength, highly compressible soil
is typical of the soft bay mud deposits found in the San
Francisco Bay Area. A generalized soil profile is shown
in Figure 4. The test site is Tocated outside the area
affected by highway construction.
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“Site 3 - Rio Vista =

The agricultural lowlands near the Sacramento River at

Rio Vista, California, are protected from overflow by
lTevees approximately 20 feet in height along both banks.
Paved public roadways are maintained atop these levees.
State Highway Route 12, which connects Lodi, on Highway 99,
with Rio Vista, is a two-lane undivided road.

An approach embankment for the Route 12 levee/river cros-
sing structure was constructed in 1958, Because of the
weak compressible foundation soil to depths of 35 feet,
sand drains were installed under the embankment to acceler-
ate the rate of primary settlement. Imported silty sand was
placed over the construction area to provide a working
table for heavy equipment during construction. Right-of-
way acquisition included additional width to allow for
pushups resulting from foundation problems or failures,

and for possible future widening. A portion of the extra
width adjacent to the roadway shoulder in an area unaf-
fected by the fil1l construction was selected as Site 3.

A gehera]ized soil profile is shown in Figure 5.

Layout of Test Holes

The typical boring layout for Sites 1, 2, and 3 is pre-
sented in Figure 6. Boreholes D-1, D-2, and D-3 were
used for recovering continuous undisturbed samples. Each
of the five in situ probes was allotted two holes. Their
designation codes are shown in Figure 6, along with the
test Tocations for the two French probes evaluated under
a separate project.
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RIO VISTA

BORING _I_
SYMBOL DESCRIPTION

Drive sampie baring
vane shear

Standard Penatrometer
Cambridge Pressuremeter
French Pressuremeters
Dutch Cone -

lowo Sheor Device

—“ATMOTD<CO

Note: t ft,. = 30.5¢em

Figure 6 TYPICAL BORING LAYOUT



In Situ Test Program

So0il Tayers tested in situ were selected based on a review
of boring logs and laboratory test data. Two soils at
Site 1, and three at Sites 2 and 3, were considered suijt-
able for in situ testing. The maximum depths to which
each of the probes were used at the three sites are pre-
sented in Table 1.

TABLE 1. MAXIMUM DEPTHS REACHED BY PROBES

Probe Site 1 Site 2 Site 3

Dutch Cone 12.2 2.3 15.6
Cambridge Probe 8.8 14.6 12.5
Iowa Device 1.6 2.0 1.7
Vane 6.5 12.6 7.5
Standard Penetrometer 9.2 34,7 12.1

Note: 1. Depths are in meters.
2. 1 'meter = 3.28 feet.
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CHAPTER 3. LABORATORY INVESTIGATION

Laboratory tésting of soil samples (2-inch and 3-inch)
included routine classification tests, mineral analyses,
unconfined triaxial compression tests, and consolidation
tests.

Classification Tests

In addition to grain size analyses, Atterberg Limits tests

were conducted for the soils from Sites 1, 2, and 3. The

results of this Tatter series are plotted on plasticity

charts (Figures 7 through 9). The varijation of plastic

limits with depth are presented in Figures 10, 11, and 12.

The variation of Tiquid Timits with depth are presented in
rigures 13, 14, and 15,

Strength Tests

A series of unconfined compressive strength tests was
conducted for the undisturbed state and for the after re-
molding state to evaluate the sensitivity of the clayey
soils.

For Site 1, the sensitivity ranged from 1.3 to 3.2 and
averaged 1.8. For Site 2, tests gave a range of .7 to
4.7 with an average of 2.0. For Site 3, the range was
from .8 to 7.4 with an average of 3.5. These values are
plotted in Figure 16.

11
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A number of triaxial tests, either unconsolidated-undrained
(UU) or consolidated-undrained with pore pressure measure-
ments (CUe), were conducted on samples from the three test
sites. A number of unconfined compressive strength tests
were also conducted. Shear strength values and other test
data are summarized in Figures 17 through 19. Torvane and
hand penetrometer tests were also made for comparison pur-
poses. Resulting data are presented in Figure 20.

SHEAR STRENGTH, 105 Pg SOIL TYPE P NC.% Y WET (gm/ee)
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Figure 17 . LABORATORY TEST DATA, SITE 1
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DEPTH IN METERS
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Consolidation Tests’

Consolidation tests were conducted to determine the stress
history, as well as the compressibility characteristics at
a1l test sites. The stress histories are prasented in
Figure 21. The effective overburden pressure (P'o) and
preconsolidation pressure (P'p) are plotted with respect to
depth in Figure 21. The over-consolidation ratio (OCR)
varies from 1.0 to 4.2 at Site 1, and from 1.0 to 1.8 at
Site 3. Site 2 has normally consolidated soils.. The OCR
values are plotted in Figure 22.

Clay Mineral Identification

Selected samples from clayey layers were subjected to dif-
ferential thermal analyses and X=ray diffraction to determine
the types and percentages of minerals present. These data
are shown in Table 2.

Boring Profiles

Ten boring profiles which summate all the geotechnical
information (both subsurface and laboratory test data) are
presented as Appendix 7 in a separate report.
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CHAPTER 4. IOWA BOREHOLE SHEAR DfVICE

Operational Concept

The lowa Borehole Shear Device was originally conceived
to predict skin friction on piles by Dr. Richard Handy(3)
at Iowa State University. Initjal tests and development
were made by N. S. Fox(3) for his Master's thesis at Iowa
State. Additional improvements were made by Easton(4)
“and Andersen(4) in their Master's Degree Programs.

This device permits the rapid determination of in situ
shear strength at any point in a predrilled borehole. In
essence, the test consists of applying a normal force to
shear plates against the sides of the borehole and mea-
suring the shear force required to obtain yielding or
failure as the device is pulled vertically. Repetition
of this procedure at increasing pressures, or stages,
will ytield points that can be plotted to produce a Mohr
envelope, from which values of cohesion and friction
angle can be determined. The maximum pulling force div-
. tded by the two contact plate areas gives shear strength;
whereas, the expansion force divided by one plate area
"gives the normal stress.

Description of Device

The Iowa Borehole Shear Device will, henceforth, be refer-
red to as the Borehole Shear Device (BSD). It consists

of three basic parts: the shearhead, the pulling device,

and the console. The shearhead, shown in Figure 23, con-
sists of two grooved plates, one of which is attached to
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the pistoh rod. Thé“dbub]e-acting rolling diaphragm piston
is used to expand or retract the movable plate. Total com-
bined area of the plates is 10 square inches. OQutside
diameter is 2.8 inches retracted and 3.7 inches expanded.
Color-coded, high pressure nylon tubing connects the head
to the console box. A threaded stud at the upper end of
the pull yoke is used to attach the head to the pullrod.

Figure 23 BOREHOLE SHEAR DEVICE (IOWA)
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A handcrankQOpérated worm and pinfon gear operates a
vertical jackscrew. The pullrod extends through and
eéngages a screw through a notched collet block. A bail
on the block rests between the uprights that carry the
handcrank and prevents the Pullrod and jackscrew from
turning. Therefore, operation of the crank places a
tensile load on the pullrod and pulls the shearhead
upward.

The pulling force is transmitted through a ball thrust
bearing to a crossbar resting on two hydraulic loadcells.
Pressure in the cells is read On a precision gage and
converted to shear stress in pounds per square inch {psi)
by use of a calibratiaon graph chart.

The pressure console houses a small CO2 cylinder with a
shutoff valve. High pressure gas is fed to the regulator
which controls pressure to the desired value of norma]
stress, Regulator output flows through a two-position
"Retract-Expand" valve. A precision gage indicates pres-
sure in 2 psi increments. Quick connect fittings are
used to plumb the shear head to the control box. Connec-
tions are identified and color-coded to aid in correct
plumbing to the shearhead.

Pulirods are furnished with the kit by the manufacturer
in 2.5 foot sections, sufficient for testing a 45 foot
depth. Rod sections are flush-jointed by threaded ends,
Grooves are machined at one-half foot intervals to aid
Tn measuring depth of test. |
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A specfaT hénd'aUQer is 5150 supplied with the kit. Sections
of pipe and a tee handle are used to assemble the auger. A
hole can be hand-drilled to shallow depths in cohesive soils.
The cutter head may also be used as a temporary casing. The
shearhead can be placed within the shell, and expanded in
place under low pressure. Sections of pullrod and pipe are
then assembled to the desired length. After lowering to

near test depth, the shear plates are retracted and head ad-
vapced clear of the shell,.

The vise plate is used at the top of the hole to support the
shearhead while lengths of rod or pipe are added, and to pre-
vent accidental dropping of the head. The vise plate and
worktable are stdfed‘separater from the borehole device.

Modification and Adaptation

The setup supplied by the manufacturer required that the
operator be in a squat position to conduct the test. The
total time required for conducting a series of six fests

at a given elevation is about forty minutes, which was
extremely tiring to the operator. Hence, a worktable was
designed which can be used on slopes as well as level ground
to permit testing in the standing position (see Figure 24).
It was found during field evaluation that the shearhead

is 1ikely to be overextended during operation. To avoid
this, a warning circuit was installed consisting of a
modified micro switch (at the shearhead) wired to a buzzer
alarm. When the shearheads are extended approximately

1/2 inch from the retracted position the buzzer sounds,
warning the person conducting the test.

. 26



Figure 24 WORKTABLE FOR BOREHOLE SHEAR DEVICE

Operational Problems

An important factor in arriving at the correct values of
cohesion and friction angle is proper seating. Lacking
this, the first point becomes unreliable. For example,

if the soil is hard and the normal pressure is too low for
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gquick seatihg, the testing time will be prolonged and an
initial false angle of friction will be obtained. As the
seating occurs with successively higher normal pressures,
the soil area contacted and brought to shear is approxi-
mately proportional to the normal stress. On the other
hand, if the soil is soft and the increment of the normal
pressure is too large, only one or two points can be
obtained before the test apparatus is fully expanded, as
indicated by a reduction of maximum shear stress at higher
values of normal stress. While the first two points
establish a straight line, a minimum of three, and as many
as five or more, are preferable for statistical treatment
of‘the data.

If gravel is encountered during the shear, the shearing
stress will rise rapidly and proportionately as the crank
is turned. Also, if cranking is stopped, no relaxation
will occur. The indicated shearing stress will be much
too high and may reach the gage limit of the apparatus,
in which case the test 1is aborted. In other instances,
the gravel particle may be turned aside and subsequent
points will be on the true failure envelope.

In some instances it was noted that the probe was extended
to its limits before the three to five test points could

be obtained due to excessive disturbance on the sides of
-the borehole., This problem can sometimes be overcome with
the use of drilling mud. The shear plates of the probe
will press through the mud and, from the second test on,
will give good values. As previously explained, in order
not to overextend the probe, a buzzer circuit was installed
to provide warning that the test 1imit was being reached.
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Limitations and Advantages

In sands and silts the probe gives values of cohesion and
friction corresponding to a consolidated-drained triaxial
shear test. 1In clays, the results correspond to a state
between partly drained to undrained conditions due to the
changing pore pressure in relation to the normal stress.

In soils where caving or squeezing is expected to occur,
the probe cannot be used., In some cases, the use of dril-
Ting mud will provide a solution to this problem. In hard
soils, the shear plates do not seat during application of
normal pressure. The heads of the shear plates tend to
scrape over the surface of the soil so that the value of
the apparent friction angle is observed to be very high.
In some cases, the result may be a low (and often negative)
cohesion intercept. Therefore, these soils cannot be
tested with the conventional borehole shear device. The
maximum testable cohesion is of the order of 8 psi or 0.6
tons per square foot. '

When drilling mud is used, the shear plates pick up sofl
from the sides of the borehole. In this case, the test
data may reflect unrealistically low shear strengths with
no friction angle.

The borehole shear test permits the rapid calculation and
plotting of the results with the gquipment remaining in
position. In the field, the operator can often determine
whether he has attained the full consolfdated drained or
full consolidated undrained condition by study of the
progressive sequence of his data points from one location.
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This is possible because this technique involves the per-
formance of stage testing which has the advantages of
saving time and not requiring the often unobtainable du-
plicate specimen otherwise needed for laboratory testing.

Even though this test is conducted in the smear zone of the
borehole, so0il disturbance does not seem to affect the

angie of friction values. This is true more in the case of
consolidated drained tests than unconsolidated undrained
tests. A more significant effect of soil disturbance is a
reduction in cohesion values in consolidated drained tests
which is due to destruction of natural cementation in the
smear zone. In contrast to this, in a consolidated un-
drained test the effect is to increase the value of cohesion.

The Iowa Borehole Shear Device test has certain advantages.
The shear tests can be conducted at the site. They can be
conducted rapidly and with very reliable results if prior
knowledge of the soil profile will permit testing in pre-
selected weak areas. At the same elevation, a 90° rotation
of the shear heads permits a second determination of strength
values. Also, it should be noted that "undisturbed" sampling
is not required to obtain the shear parameters. The Mohr
envelope can be obtained using this device in considerably
less time and at considerably less expense, than by the
normal laboratory procedures. The test is simple in its
nature and is expected to gain wider acceptance. Handy(4)
summarizes the main advantages of the borehole shear test

as follows:

“1. Separate identification of c and ¢ in perhaps
one-tenth the time required for laboratory triaxial
or direct shear testing, enabling use where the labo-
ratory test costs would be prohibitive.
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2. Tests possible in hand-bored as well as machine-
bored holes, where machine access is difficult or
impossible.

3. Test data plotted on-the-site during the test,
enabling immediate repetition if results are not
reasonable.

4. Each test is conducted in a thin (3 inch) layer
previously identified by boring. The test thus should
deal no surprises, but should serve to quantfify
expectations.

5. The test is particularly appropriate where it
is difficult or impossible to "blind sample" three
triaxial samples from the same Tayer.

6. Ready statistical evaluations of variable soils.®

Application to Geotechnical Problems

If settlement is not a critical problem, this test can be
used to determine the ultimate foundation bearing capacity.
It is extensively used by the Kansas State Highway Commission
for design of foundations for light poles to withstand 100
mile per hour winds. The probe is also routinely used for
Taboratory determination of cohesion and friction of soil
contained in standard compaction, on California bearing
ratio (CBR) mold samples drilled and tested while in the
mold. It has also been used for the design of foundations
for transmission towers, and in the evaluation of active
landslides where the factor of safety is known to be 1.0.
The weakest layer can be tested even if it is only a few
inches thick.
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" CHAPTER 5. VANE SHEAR DEVICE

Operational Concept

This device, originally developed in Sweden, evolved into
its present modern form in the late 1950s. Arman, Poplin,
and Ahmad(5) traced the history of development of the

vane shear device in the following paragraphs:

"The vane shear device was developed independently

in Sweden and Germany during 1928 and 1929. How-
ever, it was not put to serious use until the Swedish
Geotechnical Institute systematically began to study
its reliability and effectiveness with a series of
theoretical and practical tests in 1947. The results
were presented in a classical paper by Cadling and
Odenstad(6). Since then, the vane shear device has
been frequently used and studied.

"Skempton(7) described a vane (developed in England)
for testing soft clays. Later, Bannet and Mecham{8)
and Gibbs, et al1(9) developed similar devices.
Andresen and Bjerrum(10) described a vane borer that
could also be used for penetration tests.

"Later on, a vane borer was developed at Chalmers
University of Technology in Goteborg, Sweden, that
did not utilize a casing. It had, as a unique
feature, a loose angle of "slip" coupling, which
allowed the separate determination of frictional and
shear resistances. The unit was equipped with a re-
corder using pressure-sensitive paper.

“The application of torque through a worm gear
assembly and the use of a recorder to isolate
friction and shear failure modes appears to be the
best available combination on a vane shear device
Osterberg(ll).....
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"The relationship between undrained shear strength,
Sys and torque was developed by Cadling and Odenstad(6)
in the form of

6 T
S T e —trw———
u 7 WDB

where T = torque, D = vane diameter, the ratio of
vane height to vane diameter is 2.0.

Skempton(12) later observing that the failure surface
had a larger diameter than that of the vane, modified
the above relationship to inciude an effective
diameter, XD, with X taken to be 1.05. Flaate(13)
suggested that the undrained shear strength could
be determined by assuming the shear strength at the
ends of the sheared block to be mobilized propor-
Eionate]y to the strain., He modified the equation
0
8 T
s S e ve———
u 9 WDS

"The effects of the vane shape and size were
investigated by Flaate(13), Osterberg(11), Eden
and Hamilton(14), Andresen and Sallie(T5), and
others, The area ratio of a vane is defined

as the ratio of the cross~sectional area of the
vane to cross-sectional area of the sheared
cylinder, which is directly proportional to the
vane size. Thus it was necessary to find an
optimum area ratio. Earlier investigators agreed
that the smaller area ratio will cause less
disturbance. Ratios recommended by varicus
authors ranged between 10% and 25%.

"The work done in Sweden indicated that a height
to diameter ratio of 2 produced consistent
results. Cadling and Odenstad(6) showed that,
when an H/D ratio of 2 is maintained, the vane
diameter has no effect on the results. This
ratio has been accepted by most manufacturers

of vane shear devices as universal.

"Osterberg(11l) and Bazet, et al(16) reached
similar conciusions. However, in muskeg tests,
Northwood and Sangrey(17) found the smaller vanes
to give greater scatter in the results than the
larger vanes.
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“Vane shear devices have also been used to determine

the sensitivity of soils. The remolded vane shear
strength has been determined in-situ after giving

the vane several full turns [Skempton(18); Fenske(19):;
Eden and Crawford(20); Bazet et al(16)3 and SerotaT2l)].

"Fenske defined this strength as minimum shear strength.

"Eden and Hamilton(14) found disagreement between
the sensitivity of Leda Clays as measured by complete
remolding and that measured by vane shear tests.

“The differences in shear strength obtained with

the field vane shear device and unconfined compres-
sion and triaxial tests have been explored by many
investigators. Several relationships, statistical
and otherwise, have been established [Carlson(22);
Skempton(12); Bannet and Mechan(8); Aldrich(237);
Osterberg{Tl); Fenske(19); Andresen and Bjerrum(10);
and Anderson et al(24)]. The relationships vary
according to soil type as well as environment."

NOTE: Reference numbers have been changed.

The vane shear test consists of placing a four-bladed vane
in the undisturbed soil and rotating it from the surface
to determine torsional force required to cause a cylin-
drical surface to be sheared by the vane. This force

then is converted to a unit shearing resistance of the
cylindrical surface. It is of basic importance that the
friction of the vane and the instrument be accounted for;
Otherwise, it would be improperly recorded as soil strength.
Friction measurements under no-head conditions are satis-
factory only if the torque is applied by a balanced moment
that does not result in a side thrust. As torsional
forces become greater during a test, a side thrust in the
instrument will result in an increase in friction that is
not accounted for by initial, no-load conditions.
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The test has been adopted throughout the world because of
its usefulness and established reliability. 1t is designed
primarily for determining the undrained shear strength of
the in situ fine-grained soils of soft to medium consistency
and free of sand layers and pebbles.

Description of Device

The standard dimensions of vanes are given by ASTM Designa-
tion D-2573-72 ("Standard Method for Field Vane Shear Test
in Cohesive Soi1s"(25)). The vanes used in this research
project are shown in Fiqure 25. Each basically consists of
four thin blades welded cross-l1ike to a small cylindrical
shaft. The size of vanes most commonly used range from two
to three inches in diameter, and four to six inches in
height. A height (H) to diameter (D) ratio of two has been
generally recommended. The size selected for a particular
application depends on the estimated strength of the mate-
rial and the timitations of the torque device at hand.

Extensions to the torque shaft are attached as required.

The vane can function satisfactorily to depths of about 50
feet. As the shaft must be protected by an outer casing
against soil friction and guided by bearing, friction caused
by the bearing must be allowed for in the calibration process.

Torque can be applied to the vane in several forms, ranging
from a simple spring balance device to an elaborate worm
gear mechanism (Figure 26). By means of a small crank with
a worm gear, the torque can be applied at the proper speed
(.1 degree per second) by turning it at one revolution per
second. A dirett reading calibrated dial gives the torgue
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' dfrect1y. Three types of vanes (Figure 25) were used in
this research effort, and their dimensions and height to
diameter ratios and area ratio are tabulated in Table 3.

TABLE 3 - VANE SPECIFICATIONS

H D H/D Area Ratio
3*-~Tapered 8.25" 3" 2.75 0.10
2"-Tapered 5.45" 2 2.73 0.21
2"-Square 4,0" 2" 2.00 0.21

The maximum depths to which the vane tests were conducted

and the different types of vanes used in different sites
are presented in Table 4.

TABLE 4 - DETAILS OF VANE TESTS

Maximum-\-
Depths
Site Boring Vane Reached (ft) No. of Tests
1. V=1 3"-Tapered 9.5 1
1 V-1 2"-Tapered 21 5
1 V-1 2"-Square 14,5 1
2 V-2 2"=-Square 41 6
3 V-1 2"-Square 19 2
3 V-1 2"-Square 24.5 2
3 V.2 2" Square 12.5 1
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Figure 25 VANES USED

Figure 26 WORM GEAR MECHANISM TO APPLY TORQUE
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" From these two fables, the following can be noted. Whereas,
a height to diameter ratio of two is recommended in the
ASTM specifications, in this research effort ratios ranging
from 2.0 to 2.75 were used; whereas, an area ratio of 0.1
was recommended in the ASTM methods, ratios varying from

0.1 to .21 were used.

Operational Problems

The major probléms encountered during testing include:
frictional resistance affecting the vane rod; poor align-
ment of the rod assembly, which results in a side thrust;
and failure to retract the vane prior to advancing the rod

to the next test elevation. Other problems are summarized
as follows:

1. Loss of vanes; and bending or shearing of vane adapter
rods caused by the vane not being retracted after a test
and prior to advancing the "A-rod" housing to the next test
depth.

2. The mounting table or platform on the B-61 Mobile drill
rig which supports the vane shear torque head is a movable
siiding support used for other types of drilling and testing
operations., When used as the torque head vane support, it '
must be secured in place to prevent slippage during vane
tests.

3. The ASTM test procedure for vane testing requires "re-
molded strength tests" immediately after running the in situ
test with the vane. The fifst step is to rotate the vane
"rapidly" for 10 revolutions and begin the test within one
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minute rhereafter. gince it requires 3600 revolutions of
the actuating crank to rotate the yane rod 360 degrees,

it was impractica] to conduct the remolded test. A drill
fitted with a shaft adapted 10 tpe crank opening on the
yane shear torque head could possib1y pe used tO accomp1ish
the 10 upapid” revolutions of the vane. 1f this nethod is
adopted, the revolution counter should be disconnected
prior to engaging the drill. For this project, a removablie
crank was fitted to rhe vane rod, and the vane Was rotated
10 times by hand.

Limitations and pdvantages

This probe cannot be adapted to yaryingd soil conditions.
1t 1is 1imited TO use in soft clayey material with sheart
strengths 1ess than one ton per square foot.

1t is traditiona1 Lo assume the failure surface 8as cylin-
drical. wWhen the yane 18 rotated within the sgil, the
fajlure surface jnduced has peen proven by radiographs

to he largevr ghan the cylindrical volume assumed in
theoretica1 ca1cu1ations. in facts the diamete? of the
mass of failture is found to he l1argevr than the diameteY
of the vane.

A certain amount of soil disturbance takes place when the
yane 1S rotated within the g0il mass. Cadling and
Odenstad(g) conducted reseavrch on disturbance around the
vane plades. They and other researchers have found that
progressive»action takes place during the shearing in-
duced by the vane. The degree of disturbance induced by
the blades and the progressﬁve action are two factors that
nave been found tO affect the sheal gtrength of sensitive
clays.
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These inc?ude: effactg 0f rate of penetratfon, progressive
action, the thickness 0f the Vane blade edge, strength and

Sured spheap Strengtp is'insfgnfficant.

Agglication to Geotechnica] Prob]ems
test was assumed fo

Untiy Quite Fecentyy the vape Shear
give 3 direct and ACcurate Measuyre o5 in sity Undraipeq
Sheap Strengthp, However, recent indfcatfons are that the
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It has been shown conclusively that the shear vane undrained
shear strength values obtained with weak sensitive clays are
less than those from compression tests on block samples.
This is attributed to progressive action effects due to the
varying thicknesses of vane blades.

Although many researchers have found that sensitivity has
véry Tittle practical meaning, good correlation was obtained
in this research effort between values of sensitivity ob~
tained with the vane shear probe and those using test data
from unconfined compression tests as well as Taboratory
triaxial tests. Other researchers have found that the vane
shear clay sensitivity usually exceeds the sensitivity

values obtained using laboratory tests. This may be due to
the fact that vane tests induce very large strains at failure
which do not represent field conditions.
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.CHAPTER 6. DUTCH CONE PENETROMETER

Operational Concept

Various kinds of penetrometers have been used around the
wortd., Static cone penetrometers have been used extensively
in Europe since about 1930. The standard penetrometer has
been more widely used in the United States, although the
static cone is rapidly gaining in popularity in this country.

In static cone penetration, a stage is reached during the

- test when the friction along the rod becomes a significant
part of the driving resistance so that the measured resis-
tance is no longer representative of the resistance beneath
the cone. 1In order to eliminate this element of resistance,
a patented system has been developed in Holland in which
the cone has been placed in a tube. This system, known as
the "Begemann’s Sleeve", was used on the project. The cone
and the steeve are alternately pushed into the soil. The
readings taken permit a determination of the resistance due
to friction along the sides of the sleeve as well as cone
penetration resistance.

The main tube with the pressure rod inside and the cone
assembly at the lower end is pushed at a uniform speed
vertically beneath the soil surface, usually to a depth
of 20 centimeters. The pressure rod extending above the
tube is then pressed slowly down another 5 centimeters.
The force required to overcome the resistance encountered
by the sounding cone, commonly referred to as the cone
resistance or the cone bearing capacity,'is read on the
pressure gage. The pushing of the tube followed by the
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cone is repeated regd]ar?y every 20 centimeters of depth.
The results are then plotted in the form of a depth profile:
the depth being represented on the y-axis, and the cone
reading and other data on the x-axis. A cone with a base
area of 10 square centimeters and slope of 60 degrees has
become the standard of the industry.

Description of Device

The two main sources of information on cone penetrometers
are Sanglerat(27) and a report of the Federal Highway
Administration by Schmertmann{(28). The description in this
section will be basically limited to the device that was
used in this project. For information on other penetrom-
eters and on methods of application to practical geotech-
nical problems the reader is referred to the sources noted
above,

The static cone penetrometer often referred to as the
Dutch Cone Penetrometer was used in this evaluation. It
was developed in Holland through the combined efforts of
the Delft Soil Mechanics Laboratory and the Goudsche
Machinefabriek Company.

The standard Dutch Cone equipment consists of two cones.
The first is called the jacket cone while the second is
referred to by the name of its inventor, the Begemann
friction jacket cone (Figure 27). The specifications
for the cones, friction reducing tube, sounding tubes,
inner rods, and the load cells with gages are reproduced
in Figqure 28. '
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The standard Dutch jacket cone is a steel 60° right circular
cone with a diameter of 3.65 c¢m and a projected end area of
10 square centimeters. The standard Dutch Begemann friction
cone is also a steel 60° right circular cone with a diameter
of 3.65 cm. A smooth steel friction sleeve is mounted di-
rectly above the cone in a manner which will allow the cone
and the sleeve to extend and collapse in a vertical direction
by means of a double rod system, as shown in Figure 29.

The penetrometer rods consist of an outer tube of 36 mm

outer diameter and 16 mm inner diameter, with a solid inner
rod of 15 mm diameter. Both outer tube and inner rod are one
meter in Iéngth. The outer tube is fitted with tapered
threads for connecting individual sections %o make up the
necessary testing lengths. The top section of the penetro-
meter is threaded to provide a coupling with the outer tube.
The inner rods have squared ends and are stacked end to end
inside the push tube. .

Operational Problems

It was found during the field operations that the sounding
rods above the top of the hole had a tendency to bend. In
the ASTM procedure, the tubular rod guide is recommended.
In this research project, a five-foot length of hollow stem
auger was used; being driven from the ground surface to a
depth of about 5 feet and left in place. This prevented
bending of the rod for the most part; although, when the
length of the sounding rod was greater than 30 feet, it was
found to bow siightly.
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Figure 27 DUTCH CONE PENETROMETERS
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~ Sounding Gear

A) Jacket cone; max admissible toad 7.000 kgf
weight of Jjacket and rod: 0.4 kg
cone base area: 10 sq.cm.
apex angle: 60°
stroke: 70 mm

B) Friction jacket cone max. admissible load: 7.000 kgf
weight of friction mantie + rod: 0.8 kg
cone base area: 10 sq.cm.
apex angle: 60°
stroke of cone: 35 mm :
stroke of cone plus mantle: 35 mm
total stroke: 70 mm
surface of friction jacket: 150 sq.cm.

C} friction reduction section tube

D) sounding tubes:
seamless: P 36/16 mm x 1000 mm long
weight: 6.65 kg

E} inner rods:.

9 15 mm x 1000 mm long
weight: 1.40 kg

Load Cell Nith Gages

area of the measuring plunger: 20 sqg.cm.
measuring range of the low pressure gage 0 - 100 kgf/sq.cm.
measuring range of the high pressure gage 0 - 600 kgf/sq.cm.
the low pressure gauge is protected by an automatic shut
off valve to overload.
indications on the low pressure gauge over 80 kgf/sg.cm.
are therefore not exact.
weight of the pressure sieeve: 1.65 kg
weight of the pressure hammer + handle: 0-40 kg

From Ref 29
Figure 28 SPECIFICATIONS FOR DUTCH CONES _
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It was also found that keeping thé scunding rods with thé'
penetrometer absolutely vertical was extremely important.
Otherwise, the sounding rods had the tendency to bend and
start drifting. Drifting can be reduced by using rods
which are initjally straight and by making sure that the
initial cone penetration into the soil does not involve
Unwanted initial Tateral thrust.

The manufacturer supplied a tube called a lateral friction-
reducing section tube. Its purpose was to increase the
penetrometer depth capacity. This special rod, which has

an enlarged diameter or special projections, is attached

to the main rod just above the cone penetrometer. When it
is pushed with the rest of the sounding rods into the
ground, it creates a hole having a diameter larger than the
diameter of the cone. This causes the reduction in friction
and thus increases the penetrometer depth capability.

Limitations and Advantages

With routine or conventional soil exploration, undisturbed
samples will be recovered. When soijl exploration is done
with the static cone penetrometer, soil samples are not re-
covered for visual inspection. Another limitation is the
‘depth of penetration due to the thrust capability of the
standard equipment. With the help of the friction~reducing
section tube, a few more feet of penetration can be achieved.

The main advantages of the cone penetration test are its
speed, simplicity, and economy.

47



The DutchLCone p}oVides test data that are more amenable

to anailytical interpretation than those obtained by the
standard penetration tests. This statement should, perhaps,
be qualified by the results of the recent study of
Schmertmann on correlation data from the standard penetra-
tion test with the Dutch Cone tests.

Applications to Geotechnical Problems

The static penetrometers have already been widely used to
investigate the properties of soil deposits in situ. They
have been used extensively in Europe since about 1930.

The geotechnical applications have to be historically
divided into two categories: studies done before 1970, and
those since. The studies prior to 1970 are summarized be-
Tow by Durgunoglu and Mitchell, 1975(31).

“Previous studies have shown that static cone pene-
tration test results can be used:

"(1) To derive information on $soil types and soil
strength; e.g., De Beer(32), Plantema(33), Kondner(34),
Meyerhof(35,36) and Begemann(37,38).

"(2) As a basis for determination of pile supporting
capacity, as shown for example, by Van der Veen(38),
Bogdanovic(40), Kerisel(41), Menzenbach(42) and

De Beer(43).

"(3) To estimate compressibility and in situ densit

of cohesionless soils; e.g9., Meyerhof(35), Rodin(44),
Meigh and Nixon(45), Schultze and Melzer(46), and
Bachelier and Parez(47). There is currently consider-
able interest in the deduction of relative density
values of cohesionless soils from cone resistance data
for use in the assessment of liquefaction potential.

"(4) For estimation of the settlements of footing

s
on sands, according to the methods of Buisman(48),
De Beer and Martens(49), Schmertmann(50), and others.

48



"(5) To characterize vehicle trafficability over un-
paved soils, as proposed, for example by Murphy(51),
Freitag et a1(§g§, and Wiendieck(53).

"None of the analytical solutions for penetration
resistance that have been developed (e.g., De Beer(32),
Meyerhof(36), Biarez and Gresillon(54), and Vesic(55)
can account simultaneously for relative depth, size,
soil friction angle, soil compressibility, in situ
lateral stresses, cone angle and cone roughness, all

of which are known to influence the ultimate cone
resistance. In addition, some of them do not consider
soil cohesion and, therefore, they are applicable only
for cohesioniess soils.,"
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‘CHAPTER 7. STANDARD PENETROMETER

Operational Concept

In the United States, the most commonly used penetrometer

is the ordinary split sampling spoon. _Penetration occurs

as a result of the dropping of a 140-pound hammer onto the
drill rod from a height of 30 inches. The number of blows
necessary to produce a penetration of one foot is the pene-
tration resistance of the soil. The procedure is based on
measuring the resistance offered by the soil to the advance-
ment of the penetrometer. As discussed in Chapter 6, if

the penetrometer is pushed steadily into the soil the pro-
cedure is called the static penetration test. If driven
into the soil, it is referred to as the dynamic penetration
test. Although static tests are preferable in connection
with soft cohesive deposits, dynamic tests may be useful in
very hard deposits. Both static and dynamic tests are useful
in cohesionless soil deposits.

Description of Device

Three main components are necessary to conduct the penetra-
tion tests in addition to the accessory equipment: the
drilling equipment to conduct the test; the special split
barrel sampler; and the drive weight assembly. Accessory
equipment consists of test forms, sample jars, paraffin,
and other miscellaneous supplies.

The drilling equipment used in this research project was a
Mobil B61., It is well designed for conducting penetration
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type tests. The drill rod should have a thickness equal
to, or greater than, the A rod. For depths greater than
50 feet, a different drill rod is recommended. The split
barrel sampler and drive shoe should be hardened steel
(Figure 30). The drive weight assembly consists of a 140-
pound weight, a driving head, and a guide permitting a
free fall of 30 dnches.

Figure 30 CALIFORNIA SPLIT BARREL SAMPLER

Modification and Adaptation

The term "cat head" is driller's jargon for the revolving
drum or spindie located in a convenient place, usually at
the right rear of truck-mounted machines. It ﬁs basically
used for 1ifting heavy items and has been frequently used
in standard penetration operatidns for many years. It is

51




" manually operated by throwing several loose Toops of large
diameter hemp rope over the revolving drum. When Tifting
is desired, the driller pulls the trailing end of the rope,
taking up the slackened Toop which binds against the re-
volving steel surface causing additional takeup of the

rope around the drum. The other end of the rope passes
from the "cat head" over the ground block then vertically
downward over the boring location. In the case of standard
penetrometer tests, the 140-pound hammer is tied to the
end. When the driller tightens the rope by pulling, the
hammer is raised and the driller then releases sufficient
slack in the rope to allow the hammer to fall 30 inches.
The method is fast and reasonably efficient.

Operational Problems

Reproducibility of data has been found to be very difficult
to achieve, due largely to lack of control. Failure to 1ift
and release the 140-pound hammer exactly 30 inches has been
2 source of error from the beginning of this test. In re-
cent years, researchers have undertaken to determine the
results of test variations. The building industry has made
attempts to develop automatic tripping devices that would
insure a more precise length of free fall. Some progress
has been made in this direction but the margin of deviation
remains relatively Targe.

Limitations and Advantages

It has been found that the standard penetrometer test has
poor reproducibility and broad variability of test data.
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Further, the'verticé1 effective overburden stress has
significant effect on the test blow count. Hence, many
authors have recommended using a modified value for the
blow count. The data that have been presented in the
Titerature for almost 50 years do not reflect such correc-
tions. Designers should use "past data" with caution and
Judgment. It has also been proven that horizontal stresses
at various depths within the hole have an effect on the
blow count value.

There is a need for free-drop control, The ASTM test pro-
cedure does not specify a way by which the operator might
achieve this. Several studies have indicated that the
typical cat head and slackened rope procedure cause a major
increase in the value of the blow count. It would seem that
the hammer drop method - free of operator variation - would
be most reproducible. This technique has been adopted in
various countries including England, Israel, and Japan.

This test, as many of the in situ tests, does not take into
account the seepage and drainage conditions in the hole.

Some engineers do not even refer to standard penetration

as a "test". For up to 50 years, the test data derived
from standard penetrometer have been Used on an empirical
basis. During the last few years, a few researchers,
notably Schmertmann(56,57) and Kovacs{58,59) have conducted
extensive theoretical research on this subject.

The loose control of the standard penetrometer test proce-
dure and equipment has discouraged some engineers from
Using it extensively. The test is considered by some not
worth upgrading., 1In any case, the test data can be con-
sidered as an indication of the consistency or the relative
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zﬁcden§ity 6f the soi]fx It has been used for many years and
will probably continue to have widespread application.
Even though this device is one of the earliest and most
widely used in situ probes for soil exploration, it will
likely be replaced by the cone penetration test.

It should be noted, however, that standard penetration
equipment is relatively inexpensive, simple to use and
eperate, and the test results are easily applied. For
these reasons, it has been accepted in many countries
throughout the world. In the interest of standardization
of this test method and equipment, the ASTM committee has

been working for improvement and refinement in the method
described.

Sanglerat(60) summarizes the limitations of the standard
penetrometer tests., He believes the word "test" is a
misnomer. Many factors affect jts reproducibility. The
condition of the sampler (deformation, rust) will influence
the test results. The same holds true for damage to the
driving shoe. Location of the groundwater level also
affects test values.

The elapsed time between the drilling of the hole and the
taking of the blow counts is not standardized. The driving
energy of the falling hammer is bound to be absorbed due to
the elasticity and the flexibility of the rods.

Fletcher(61l) has pointed up certain limitations of the stan-
dard penetrometer test. For example, variations in the
distance drop of the hammer: usually not exactly 30 inches.
And the size of the rods affects blow count. Friction
present could prevent a free fall of the hammer. Human
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erropr in counting the number of blows or in measuring the
depth of penetration is another source of error. An exces-
sively high value of the blow count will be obtained if the
sample 1s compressed during the driving process. On the
other hand, test data will be of no value if the sand or
the soil being tested is disturbed, as may be the case at
the bottom of a boring which causes water to flow rapidly
into the hole.

Applications to Geotechnical Problems

As this in situ test has been in use for nearly 50 jears,
Tt has been used in varjous stages of geotechnical design.

In the following paragraphs, a summary of these uses is
Presented.

The test blow counts have been used to estimate the effec-
tive friction angle of a sand deposit. Using data collected
by the Russians, DeMello(62) presented in 1971 a method for
estimating the effective friction angle from blow counts.
Knowing the blow counts and the overburden pressure in kilo-
grams per square centimeter, the effective friction angle
can be estimated.

Terzaghi and Peck(63) proposed a method of estimating the
bearing capacity of so0ils using the blow count as well as
the friction angle in degrees. They also developed charts
to estimate bearing capacity factors and from them an
estimation of the bearing capacity of soils for shallow

foundations. The charts provide for surcharge and settle-
ment conditions.
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'The blow count values have been correlated with unconfined
compressive strength values of clay soils. The ratio of
unconfined compressive strength to the blow count has been
found to vary with the soil type. This ratio has a value
of 4 for clay soils, 5 for silty clays, and 7.5 for silty,
sandy soil. Of course, these ratios will Vary regionally,
and from country to country.

Blow count values have been used to estimate the relative
density of sandy soils. The values of relative densities
of sandy soil deposits at various depths in a particular
site have been very helpful in the estimation of liquefac-
tion potential of sandy soils.

A great deal of research has been conducted on both sides
of the Atlantic comparing the standard penetrometer with
the static cone penetrometer test. Approximate relation-
ships between the relative density of fine sand and the
angle of internal friction developed from the standard
penetrometer test have also been developed. According to
Meyerhof, the static cone resistance in tons per square
foot for fine or silty sand is equivalent to four times
the blow count. This number might vary from region to
region.

Engineers have also often used blow count values és an
approximate but expedient method to estimate bearing and
friction capacity of soils. The reader is referred to
Norlund(64), Fletcher(61). and Schmertmann{65), who have
suggested various methods of using blow counts to calcu-
late the bearing capacity of soils as well as the friction
capacity.
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In 1967, Bazaraé(gg) developed and presented a thesis in
which he tried to correlate between the effect of over-
burden pressure on the blow counts as well as the effect
of submergence and standard plate load test results.
Combining the test data from various sites, he developed

@ method for estimating settlements of shallow foundations

on sand.
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CHAPTER 8. CAMBRIDGE SELF BORING PRESSUREMETER

Operational Concept

Self boring is a technique by which a probe is inserted
into the ground with minimal soil disturbance. The primary
difference between the self boring and other boring devices
is that it has the capability for self insertion. This
chapter concerns the Cambridge Self Boring Pressuremeter.
It will be referred to as the Cambridge Pressuremeter, or
'Cambridge Probe, to distinguish it from another probe

marketed by the same company, called Cambridge Total Load
Cell.

The Cambridgé probe essentially consists of a miniature
cylindrical tunneling machine that is jacked steadily into
the ground. The soil entering the shoe is cut into small
pieces by the central rotating cutter and is then carried
to the surface by a flushing fluid, which is normally water.
The fluid is pumped down the inside of the cutter rods and
up the annular space between the inner and outer rods. A
cylindrical membrane is fitted over the outside of the
instrument which can be expanded against the undisturbed
soil as in a conventional Menard Pressuremeter test. This
neoprene membrane is protected by an outer flexible stain-
less steel sheath, in some cases. The radial expansion of
the membrane is measured at its midpoint by three separate
pivoted Tevers which are kept in contact with the membrane
by spring cantilevers. The probe loads the soil radially
by inflating the membrane using gas pressure.
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It provides a plot of radial strain versus applied pressure
from which the shear stress/shear strain diagram for the
soil is determined by a simple graphical transformation.
Several soil parameters can be abtained from the results

of these tests.

Description of Device

Self boring pressuremeters have three distinct and separate
- components. They are the driving module, measurement
module, and the tunneling (self boring) module. In some
devices, the driving module is separate from the measure-
ment module and the tunneling module. Both probes designed
by Cambridge In Situ Company belong to this category.

These concepts are depicted in Figure 20 of Reference 2.

The expansion pressuremeter basically consists of the
tunneling module and the measurement module, connected to-
gether and allowed to descend vertically in the hole by
means of casings and rods. Schematic diagrams of the
Cambridge pressuremeter before insertion and during an
expansion test are presented in Figures 31 and 32.

The probe cannot be used by itself. It requires a ground
frame or a drill rig to function. A1l components needed
to conduct a self boring pressuremeter test are listed
below:

Probe

Drill rig or ground frame
Pump

Casing and cutter drive rod



Pore Pressure
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From Ref 67

Figure 31 CAMBRIDGE PROBE BEFORE INSERTION
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Strain control unit

Digital multimeter

X-Y-Y plotter

Gas cylinder

Vehicles to carry the probe and the accessories

As explained earlier, the probe itself usually consists of
three parts. The two parts that go into the ground are
called the self boring module and the measurement module.
The self boring module is also called the low disturbance
insertion system (Figure 33). It contains a hollow cutter
drive rod for circulating water or drilling mud downward.
The cutter drive rod is connected to the cutter, a sharp
two-edyged tool.

The cutter supplied by the manufacturer sheared repeatedly
and was eventually lost in a borehole. Hence, Caltrans
'developed its own cutter design, as shown in Figure 34.
Holes within the cutter allow water jets to impinge on the
sides of the cutting tool. The measurement module consists
of a rubber membrane s1id over a portion of a cylindrical
metallic cylinder. At its center it has three expandable
radial arms in 17ight contact with the membrane. This is
the expansion-sensing system actuated by a supply of nitro-
gen oxide (Figure 33). When the membrane is expanded during
the conduct of the test, the radial arms that are fixed at
the center of this measurement module follow the membrane.
These readings are measured by a strain-control unit and
thus radial strain is measured. There are also two pore
pressure cells fixed at 180° to each other for measurement
of the pore pressure,
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The probe can only be used in conjunction with a drill rig
or a ground frame., For this study a Concore N-69 drill

rig was used. The hydraulic system of this drill rig re-
quired modification by installation of a hydraulic bypass
valve. To rotate the cutter drive unit; a cutter drive
mechanism was designed. The drawings that are necessary

to manufacture a cutter drive unit are presented in Figures
35 and 36. The cutter drive unit enables the hydraulic
power from the drill rig to be transmitted to the cutter

at the bottom of the self boring module and thus rotates
the cutter while the cutting shoe is being pushed vertically
by the drill rig.

A water or drilling mud pump is required for inserting the
pressuremeters. The pump should have such capacity that it
can reliably pump water with sand suspension or a sturried
clay at a pressure of about 50 pounds per square inch and
at a flow rate of about four gallons per minute. Either
mono~-type or piston pumps may be used.

The casing and the cutter drive rod are other pieces of
major equipment needed apart from the probe and the drill
rig. EX casing is avajlable in 3 foot, 5 foot, or 10 foot
lengths. The cutter drive rod is supplied by the manufac-
turer. It is essential that the necessary adapters and
connections are compatible with both the drill rig as well
as the casing and the drive rod.

The expansion test, which is the form most generally con-
ducted with the self boring pressuremeter, can be performed
either as a constant rate of strain or a constant rate of
stress test. This probe permits conducting the tests at
incremental rates of stress. The Cambridge In Sity Company
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supplies a §train—c0htro1Ted expansion unit. The unit
employs specially modified magnetic valves that operate

ih response to strain signals returning from the probe
embedded in the ground. The strain rates possible with

" this unit range from 1 to 10 percent. Using this control
unit, pressure measurements as well as total earth pressure
measurements can be made.

To record and document the signals that come from the probe,
a digital multimeter is required. This is a rugged water-
tight electronic box which is well protected against elec-
trical and mechanical misuse. It runs on normal vehicle
electrical supply or from a separate 12-volt car battery.

An X-Y-Y plotter is used to follow the behavior of soil as
the expansijon test proceeds. The horizontal axis, or X
axis, records the strain in percent of the deformation.
The vertical (Y axis) records both total pressure as well
as pore pressure changes. As the test proceeds, the shape
of the pressuremeter curve will indicate soil disturbance.

At least two vehicles are required: one to transport the
drill rig (Concore N-69) and the other to carry the probe,
the accessories, and the water tank. The cylinder required
to carry the gas under pressure is secured to one of the
vehicles for safety.

‘The Cambridge Probe used in this evaluation is shown in
Figure 37. The general test setup is shown in Figures
38A,B.
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Figure 37 CAMBRIDGE SELF BORING PRESSUREMETER
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Modification and Adagtation

The Manufacturep recommends the use of g "hydrau]ic ground
frame" fop insertion 0f the Cambridge self boring Pressure-

Far Mounting the Cutter drive unit, a Section of mngn rod
Was used, The rod was inserted and clamped ip the hydraylie

tions (6") of 1-1/2 inch galvanized Pipe with 3 tee coupled
between. Bronze bushings were brazed inside the galvanized

into the adapter at the end of the "pwn rod,

71



Figure 39 CALTRANS CUTTER DRIVE UNIT

Figure 40 CALTRANS CUTTING SHOE
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An adapter was made to enable coupling to the EX casing with
1-1/2 inch pipe threads at one end and EX thread at the other.
With the EX casing adapter threaded to the bottom of the tee
outlet assembly, addition of the 5-foot drive rod and casing
sections was accomplished without necessitating the removal

of the cutter drive unit. Water from the self-contained
circulating pump was directed to the hollow drive rod via a
‘rotating joint (water swivel).

After some relatively unsuccessful attempts at self boring,
it was decided that part of the probiem was the relative
ease with which the bore of the cutting shoe became plugged.
Consequently, a design for a new cutting shoe was developed
(Figure 40) with a lTonger body and larger throat. The re-
desianed shoe was found to have less restriction to flow and
jmproved cutting and mixing characteristics.

A weakness in the stainless steel drive rod coupler (at the
cutting tool) which was causing failure under shock loading
was corrected by replacement with one having an improved
section modulus.

Operational Problems

The following were the major problems requiring solution
before a meaningful seif boring pressuremeter expansion or
cyclic test could be conducted:

1. Not all components were available at the beginning of

the project. Several had to be coliected individually or
designed and fabricated by the TranslLab Machine Shop.
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2. There were various problems with the electronic equip-
ment and the plotter,

3. Shearing of the inner rods connecting to the cutting
shoe was experienced.

4, Based on our eéxperience in the field, new designs fopr
the Cutting shoe and the cutter were required.

5. A Pressure-applying ang monitoring system (console)
had to bpe designed and fabricated.

readings in the form of plots, It was extremely sensitive
to transient signals and noise, Extra grounding proved
Useless, The Problem was solved through the use of & truck.
and camper, which were Used as a field laboratory. Thus,
wind and duyst were kept from the unit.

At Site 1, the upper soil layers (4 meters in depth) con-
tained angular material which qQuickly tore the membranes.

more homogeneous,

Another problem became evident at Site 2 when boring at
éxtended depths (beyond 10 meters)}. The membrane had a
tendency to Pull out of its lower retainer due to adhesion
of the clayey soils. It was suggested by the supplier of
the probe that a vacuum be applied within the membrane
sucking the thin rubber yp tight against the probe. This
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method was partially successful, although it changed initial
conditions in the probe and raised some questions as to the
accuracy of the initial readings.

Limitations and Advantages

The lTimitations and advantages have been very well summarized
in Reference 68 and are here quoted.

I. "The instrument will not penetrate gravel, boulder
clay, claystone, or similar materials.

ITI. "As in other forms of test the orientation of
failure planes and the mode of deformation will usually
Bbe inappropriate to the field situation,

III. "There is no control of the total or of the effec-
tive stress path. In practice only two stress paths
can be followed, one corresponding to an undrained test
and the other corresponding to a fully drained test.

IV. "To reduce drainage effects undrained tests have
to be performed at high rates of strain. This leads

to undesirable rate effects which introduce errors into
the analysis of the data. These effects, however, have
been shown to be small.

V. “The instrument is complex by present day standards.
However, much experience has now been accumulated both
with the original equipment and with the commercial ver-
sions of it.and this has shown the reliability of the
equipment., It is also c¢lear that recent developments

in soil mechanics will require more sophisticated tech-
niques in the future."

The advantages have been summarized also from Reference 68
as follows:

I. “The tests are performed on virtually undisturbed
soil. Although some slight disturbance is inevitable
it will be very greatly less than the disturbance
associated with so-called "undisturbed sampling® or
with a pressuremeter testing in a prebored hole.
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II. "It is possible to obtain a number of soil
parameters from one test. For clays, these parameters
are the undrained shear strength, the shear modulus

or the undrained Young's modulus and the in situ hori-
zontal total stress. For sands, the angle of internal
friction and the angle of dilation can be determined.

III. "These parameters can be derived from the test
results using well developed theories of cavity expan-
sfon without resort to any empirical correction factors
whatever,

IV. ™"Many of the variables associated with other methods
of testing, such as the amount of disturbance due to
sampling or to trimming, the time between finishing the
borehole and starting to test or take samples, the ef-
fects of piping a borehole in sand or soft chalk below
the water table, and so on, are all eliminated. As a
consequence, these tests produce very much Tess scat-
tered data than other methods.

V. "It is possible to obtain results very quickly when
necessary as the test data can be processed on site with
the aid only of a pocket calculator or slide rule, a
pencil, ruler, and graph paper. No laboratory testing
is required.”

Applications to Geotechnical Problems

There are many applications of data resulting from expansion
tests and cyclic tests. The geotechnical applications of

self boring pressuremeters test data have been documented in
Chapter 7 of Reference 2. They can be summarized as follows:

o b Wy
L ] L I

Identification of soil type.

Calculation of bearing capacity of foundations.
Settlement estimates of shallow foundations.
Prediction of the lTateral reaction of piles.
Estimation of shear strength.

Examples of applications are presented in Reference 2.
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CHAPTER 9. TEST RESULTS AND DISCUSSION

The field data from each of the five probes are presented
below in the same order in which these probes were described
in the previous chapters; namely, Borehole Shear Device,
Vane Shear Device, Dutch Cone Penetrometer, Standard Pene-
trometer, and the Cambridge Probe.

Borehole Shear Device

Typical envelopes are presented in-Figures 41 and 42. They
are developed by plotting the normal stress in pounds per
square inch on the X axis and the shear stress in pounds
per square inch on the Y axis., Usually, three tests were
conducted in the initial position in which the two shear
blades gripped the sides of the hole. The two shear ptates
were then rotated 90° and the test conducted in the perpen-
dicular position. The tests were repeated three times in
this new position and the results plotted. It can be ob-
served in general, from these seven plots that the envelope
for each soil tested at a particular depth has almost the
same slope (Figures 41 and 42). From these typical envelopes,
the cohesion and the friction angle values were determined.
The shear strength values in tons per square foot could be
calculated from the known values of cohesion and friction
angle and the depth at which the test was conducted.

Shear strength-depth profiles are presented in Figures 43
through 45. At all sites, the tests conducted were at depths
between one and two meters., The laboratory tests were con-
ducted on samples from much lower depths, so no correlations
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or comparisons could be made. In Boring DC-1 (Site 1) there
were two tests at 1-1/2 meters depth that produced results
very close to those from laboratory unconfined shear strength
tests. Tests could not generally be conducted at comparable
depths because of the caving experienced in the holes. Hence,
use of this probe is limited primarily to borings in which
caving does not occur.

Vane Shear Device

The vane test data are presented in Figures 46, 47 and 48.
At Site T, the shear strength obtained by using the vane in
the field s found to be between the unconfined compressive
strength of soil in undisturbed and remolded condition. In
all cases, the vane shear strength was less than that ob-
tained by using consolidated undrained shear strength with
Pore pressure measurements. It was found that the shear
strengths obtained using the vane in the field were very
close to the remolded shear strength from the unconfined com-
pressive strength test. In all cases, vane shear strengths
were the lowest measured both from the Taboratory tests and
from other in situ devices.

At Site 3, which consisted mostly of peat and peaty soils, it
was found that the vane gave strength values which were be-
tween unconfined compressive tests in the undisturbed state
and the remolded state. These data are presented in Figure 19.

Dutch Cone Penetrometer

The field data obtained using the Dutch Cone Penetrometer,
are presented in Figures 49 and 50. FEach of them contains

83




| -d buuog
(0}

(SY3LIN)
o (133

<+ 10
——

BHuriog g0 weyiog

!
\ ]

]

1 LIS “IANYA - NOLLYJIIUHOD HIHNIHLS UYIHS 9 @u4nbirg
oMol O
unA [
g zl5 2%
a3 ¢ 1.nq buiog mm 2-d bulog Ml
nn o mi— m|—-
pusbat (9) ) (9) 3~
. TEA TR
1 -
£l ¢
zHov zH{or
I+ ¢ R
bupaeqg jo Eo:om/ o . u . oH-
i tr10g J0 LOHOG, i
m.. om o - IL mr om
8{ 2 ' 8
l ’
: o= LA
hqu otoz -/ S 910z
L_A =8
a//m - g | o
/ & ¥
¢ 410l ¢ -0l
HN 2 2
1A 1
q o1 30) o ° g o1 ) 0 O

(451) HLONIYLS ¥VIHS

{451) HLONIYLS HV3IHS

T’ o1
($51) HLD

S0
NIYLS HV3HS

0

84



oMol O 2 LIS ‘INYA = NOILYTIYHOD HIONIYLS UVIHS [t a4nbiyg

u:a\_w @
ib 4
wmmm 2-@ buuog e |-g buliog L
puaba (q) m m (D) _MM_..... m
buisog jo Eo:omr/ m - buisoq Jo woliog— % =
- —§1si0s G1.Hos
— bl- bl-
/._/ ¢l q Cl-
- 214ov y AR a0l4
\ - 1 1- |
. Ol- Ol-
>, mslom mllom o0
™ =
B1 - 8- 2
L T e T
9+0¢ 9t0z
G- / G -
b- | b-
‘ \ €10l v ¢ 40l
x A \ 2
I+ ._-\ . | -
¢ o1 S0 o © G ol S0 o ©

~ (4S4) HLONIYLS HV3HS B (4s4) HLONIYLS HVIHS



€ LIS YANVA - NOTLYTIHHOD HIONIYLS YYIHS 8 o4nbid

oMol O
auop [
1 o4 s e e
o ¢ 1-00% Bupiog  FHim 2-q Bunog G I-q buisog . Fid
nn e —
pusteT (2 o2 (@ mid (0) ol
<3 ’ (2] o
gl{0S GIH0S Gi408
i+ 1 14
buliog yo wology £ ‘el bunioq jo Eo:om/ €1
¥ 21HO¥ Buliog jo woitog 2150 I 21407
e — ) I - 0
v + pos
0l 0l 0l
& 6 toe
| ~] Qm m 6 Om o m m
81 0 8- ﬁ a4 M
\a\m 4 2 2 . / wxu R
9102 9102 , 9102
Hm_ 51 H S+ S
. b b v
g0t v ¥ ¢+-01 : ¢toi
2 2 2
= { 14
a1 o1 <o o © g 01 €0 o © &7 o1 o ©

g0
(454) HLONIHLS HV3IHS (J54) HLONIHLS HVYIHS {454} HLONIYLS HY3HS




4,474

€
RS
4T
Tiz
z{n
z|m
2 —
o]
w
c+0S
g.
el
A el
It
o]}
6+0¢
D‘
2
9102
G
b
€101

)z
_

5% o4l oo_
(zw3/0y) uuz&m_mum uzoo

(4)

2 31IS.
‘V.LY¥Q 1SIL 3INDD zuwac 407 'SITI40¥d Hld3a

1334 NI HLd3q

T 9 SYILIW NI HLd3A G
Q
n

9+02

o

02
% o;.qm zo_._.oEm

6% S4nbly
£2;
o
m
o
-
= o
5
=
m
|
m
X
(72
at
&l
t!
|
zl
il
ol
6
8
N.
9
g
o)
£
2
'
Om_ Dot 0% 0

a
I3

Ot

[
m

o
o

2

:___eg JONYLSIS3Y ZQE_E

1334 N Hld3q

87



£ 31IS
‘wiva 1S3 INDD HOLNG 40 S3ITI40dd H1430 0§ 24nbid

=1 i =]
m|m 218 o _mq._
(D) =3 (D) 813 7%
TIT m m T
2 z|a e
=[m = _..“_. 2=
_,l_-.. H Xlm H__ ﬂ
R 51 ot
3 2 g
apes 51108 sitos
v ot o
£l ¢ ol
2itor 2ilov Sy
T " f
610¢€ P M. (0} mm ot
8 ] .
' ¢ h - 2 !
o1 o102 90z
G- g
S
t L a v
¢ . 2
| H |

oF 02 0 oE oS oo o5 0

. . s o_ _
"1 NvLSIS3 % ‘01LYY NOILOIYS (226 IONVLSISTY NOILONYS

. R
:__a\owx_ “JONVLSISIY 3NOD

88



three depth profiles showing the variation with respect to
depth of cone resistance, friction ratio, and friction re-
sistance. These depth profiles can be used for developing
subsurface information as explained below.

S0i1 type can be determined using two kinds of charts. The
first was developed by Begemann (Figure 51). In it, two
parameters - Tocal friction and cone resistance - are re-
lated by a series of radiating lines from the origin. . This
permits soil classification from the clay to gravel range.
The various soils identified in Sites 1, 2, and 3 have been
presented in Figures 53 through 56.

In Schmertmann's chart (Figure 52) for soil identification,
friction ratio and cone resistance are related and are further
subdivided into various soil types. Application of the chart
to the soils encountered in this study is shown by Figures 53
through 55. A comparison of the soil types predicted using
the Schmertmann and Begemann chart descriptions from boring
logs was made for all three sites. These comparisons are

also presented in Figures 53 through 55.

The Dutch Cone data can be used to predict undrained shear
strength of soil. Many investigators have proposed methods
and factors to be applied in estimating the shear strength
of soil from Dutch Cone data. Begemann{69) has suggested

a value of 13.6 to be used for this purpose as compared to
16 suggested by Meigh and Corbett(70).

Both factors were used in this study for estimating the

shear strength from all sites. At each site, the Dutch
Cone tests were conducted using the continuous as well as
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FROM BEGEMANN'S FROM BORING FROM SCHMERTMANN'S
(Meters) CHART .0GS CURVES
SILTY SAND SILTY — SANDY CLAYS
SILT—~CLAY — SAND SILTY SANDY
- 2 CLAYEY —SILTY SAND SANDY SILTY CLAYS
SILTY SAND ~SARD
SILTY SAND
SILT— CLAY — SAND CLAYEY SANDS & SILTS
WET, LOOSE, SANDY,
CLAYEY SILT
cLAY SAND
L —ERG
-4 1T VERY WET, CLAYEY, REANIG ChAY
SI.T—CLAY —SAND SANDY SILT
COARSE SAND W/GRAVEL
CLAY —LOAM SILTY SAND CLAYEY SANDS & SILTS
SILTY CLAY INORGANIC CLAYS (MED)
5 CLAYEY SILT
CLAY
ORGANIC CLAY
SILTY CLAY
INORGANIC CLAY
8 ORGANIC CLAY
CLAYEY SANDS & SILTS
INORGANIC CLAY
CLAYEY SILT CLAYEY SANDS & SILTS
INDRGANIC CLAY (STIFF)
= ILT = CLAY —
10 SILT - CLAY ~ SAND LOOSE SAND
s e —
T ND
FINE _SAND WSAND
SAND 2 —
L 42 SILT —CLAY —~ SAND " CLAYEY SANDS & SILTS
[ SAND
END OF TEST-/’ END OF TEST/,
- 14

Figure 53 COMPARATIVE STUDY .OF SOILL .IDENTIFICATION,

SITE 1
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CLAYEY SILT (ML)

DEPTH FROM BEGEMANN'S FROM BORING FROM SCHMERTMANN'S
{Meters) CHART LOGS CURVES
SILTY CLAY (CL)
LOAM NO RECOVERY —SiLLY cLay
SILTY CLAY W/ORGANIC
L 3 {OH)
UNDEFINED
INCONCLUSIVE
SILTY CLAY (CH)
- 8
SILTY CLAY W/MICA (CH)
- 9
UNDEFINED T ORGANIC_CLAY
UNDEFINED
SILTY CLAY W/SMALL ORGANIC CLAY
PEAT INCLUSIONS (CH) UNDEFINED
" PEAT 1ILTY FT
- 12 UNDEFINED
R AY
UNDEFINED
| "ORGANIC CLAY (MED)
R i A MED
L 15 ORGANIC CLAY SILTY CLAY (CH) -
STETNE B ST INORGANIC CLAY (STIFF)
CLAY LOAM LL CLAYEY SILT
| SANDY SILT
SILTY CLAY SILTY CLAY (STIFF)
CLAY W/SOME ORGANIC | INORGONIC CLAYS (STIFE) |
MATERIAL ) OIF‘!-(;r:NI?‘LCLAY i
NO RECOVERY T
» INORGANIC CLAY {STIF
18 SANDY SILT Wrm)——"—.‘
CLAY LOAM INORGANIC CLAY (STIFF)
SILTY CLAY (OH)
SILT-CLAY-
LT-CLAY--SAND CLAYEY SANDY SILT
SA"fD CLAYEY SiLT
= 21 SILTY CLAY
CLAY LOAM

CLAYEY SILT
SILTY CLAY

END OF TEST/‘

BOTTOM OF BORING/‘

- CLAYEY, SANDY SILT

END OF TEST/

Figure 54 COMPARATIVE STUDY OF SQIL IDENTIFICATION,

SITE 2



FROM BEGEMANN'S

- 14

_CLAY

LSAND & GRAVEL = |}

CLAY

[ SILT-CLAY—SAND |

cLAay

| SILT —CLAY —SAND

CLAY
SILT

SAND

DEPTH FROM BORING FROM SCHMERTMANN'S
(Meters) CHART LOGS CURVES
IMPORTED EMBANKMENT IMPORTED EMBANKMENT
MATERIAL MATERIAL
MOIST TO WET, BROWN-
GRAY, SILTY, FINE SAND
SILT-CLAY— SAND (sm) SANDY, SILTY, CLAY
L. | SAND

WET, SOFT, BROWN -
BLACK PEAT & CLAY
{OH)

WET, VERY SOFT, BLUE-
GRAY, SILTY CLAY WITH
CLAYEY SAND (CL-ML)

| ORGANIC CLAYS-MXED SOILS |
SHELL SANDS— LIMERQOCKS

QRGANIC CLAYS
INDRGANIC CLAYS

ORGANIC CLAYS
| SAND

QRGANIC CLAY

LOOSE _SAND

ORGANIC CLAY

ANIC CLAY (SOFT]
HELL,_SANG

ORGANIC CLAY

cLayY

SILT~CLAY — SAND

WET, DENSE, GRAY, FINE,
SILTY SAND (ML)

LODSE SAND
ORGANIC CLAY

SHELL SANDS —~LIMEROCKS

SANDY, SILTY CLAY

[_ORGANIC CLAY
SAND
ORGANIC_CLAY

LOOSE SAND

CLAYEY, SILTY SANDS

[ SAND

CLAY

COARSE SAND W/GRAVEL

SILT — CLAY — SAND

BOTTOM OF BORING/

SHELL SAND — LIMERGCK
INORGANIC CLAY

SHELL SAND - LIMEROCK

SAND
CLAYEY, SILTY SANDS
F

END OF TEST/‘

Figure 55
SITE 3

94

END OF TEST~

COMPARATIVE STUDY OF SOIL IDENTIFICATION,
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the disconiinuous method of testing. Depth profiles indi-
cating the variation of shear strength with depth using both
methods, with the laboratory as well as the field in situ
testing devices, are shown by Figures 56 through 61.

At Site 1, the Begemann factor gave shear strength values
higher than any of the other methods. In every case, the
Meigh and Corbett factor gave slightly lower values. It
may be concluded that these factors require regional
revision.

In Reference 2, the following Dutch Cone factors are proposed
for four California soils: silty-clay, 4; peaty clay, 5;
stiff cilay, 12; and silty sand, 17. This suggests that a
consistent value cannot be used for these kinds of soils.

Standard Penetrometer

The soils subject to study for this project were primarily
soft. The depth profiles of blow counts corrected for over-
burden pressure for Sites 1 to 3 are presented in Figures

62 through 64. An attempt was made to correlate data from
the Standard Penetrometer tests with that obtained with the
Dutch Cone Penetrometer. Standard Penetrometer blow count
values were modified by taking into account the overburden
pPressure. These are the values plotted in Figures 62 through
64. To compare Standard Penetrometer test values with those
from the Dutch Cone, the unmodified blow count number was di-
vided by the cone resistance from the Dutch Cone and plotted
along the Y~-axis, with the friction ratio percent plotted
along the X-axis. These plots are presented in Figures 65
and 66. From these plots, the N values can be predicted
knowing 90 and friction ratio values.
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N-Value®

10 20

0]

Depth Meters

]

| —

T —

——..__o

*Blow counts corrected for
overburden pressure

T & =T

SPT

P-1,Site 3

Figure 64 DEPTH PROFILES OF BLOW COUNTS, SITE 3
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O—5ilty Sand
o &=5ity Clagy
4r
3_
c% ° Silty Sand
{y=1.55+,08x%)
2-.
o] o Silty Clay
o £ (y=79+.067x)
_---&"-_-.—---
—-—-"-—-.
l e ——TEQ
e o o
a o
2 oa
o]
1 1 1 i 1 1 1
Q 2 4 . 6 8 10 12 14
Friction Ratio (%)
Figure 65 N/.qc. VS FRICTION .RATIO, SITE 1
5 Q Silty Sand
4
at
N
de
2-
| F y=.6+.04X%
o ;
[e]
[ 1 i 3 i (] 1
o] 2 4 3 8 10 12 14

Friction Ruatio (%)

Figure 66 N/q, VS .FRICTION.RATIO, SITE 2
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PRESSURE

TOTAL

10.1 [Undisturbed)

10.1 {Remolged)

SOPewNOD OXO

[ B A |

14.6 Meters
123

L3
FQ
B.84
7.62
5. 40
5.18
2,74
3. 96

8
STRAIN, %

Figure 68 CA=MBRIDGE"PRESSUREMEIER CURVES, SITE 2

TQ3




TOTAL PRESSURE

55

50

' /:7 |
y/4

7.28 Meters

Legend
X — 7.28 Meters
O — 8.84 "
A —~1006 o
+ —12.5
g - 7.62 1l
o — 6.22 "
B - 5.'8 "
® —3.96
% I 1 1
& 8 10 12

STRAIN,% |
Figure 69 CAMBRIDGE PRESSUREMETER CURVES, SITE 3
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Cambridge Self Boring Pressuremeter

The test results from the Cambridge self boring pressure-
meter were used to derive various parameters for use in
geotechnical design. The corrected Cambridge pressure-
meter curves for Sites 1 to 3 are presented in Figqures 67
through 69,

The shear strength values derived from the Cambridge self
boring pressuremeter test data were compared with shear
strength parameters obtained from either laboratory tests
or other field in situ tests. Figure 70 depicts a number
of depth profiles that developed for Site 1. 1In Figure
70(A) the peak undrained shear strength derived from the
Cambridge pressuremeter is compared with shear strength
derived from Dutch Cone test data using the Begemann fac-
tor of 13.6 and the shear strength derived using the vane.
As can be seen, the Cambridge Pressuremeter shear strength
s very close to that obtained using the vane. The shear
strength using the Dutch Cone data is generally much lower
than that measured using the Cambridge probe.

The strength values using the Torvane and the hand pene-
trometer have been plotted in Figure 70(B). Here, the
hand penetrometer strength values were far higher than
those from the Cambridge probe, The Torvane values in
general were much less than the Cambridge shear strength
values.

‘In Figure 70(C) the shear strength derived using the
Cambridge probe is compared with the shear strength de-
rived using the French pressuremeters. Again, in general
it can be seen that shear strengths from the French pres-
suremeters were generally higher than those derived from
the Cambridge probe.
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Depth - Meters

Cu (Peak)-1053 Pa
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6 -
st o
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0.5 1.0 1.5 2.0
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K

1
O Torvane
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B

Shear Strength, 105 Pa

0] 0.5 1.0 1.5
" o cue
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Figure 70 COMPARISON OF SHEAR STRENGTH, SITE 1
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In Figure 70(D), the Cambridge probe values are plotted
against values from the laboratory shear strength tests.
In general, the Cambridge probe values are between the
unconfined compressive strength tests and the direct shear
tests.

Sensitivity values calculated from vane shear tests, un-~
confined compressive strength tests, and pressuremeter
tests are presented in Figure 71. The coefficient of

earth pressure at rest (Ko) values were determined using
Wroth's formulae, Jaky's formula, Alpan's formula, and

from pressuremeter test data. These values are plotted in
Figure 72. The varjous moduli [subtangent moduli (Es) and
failure moduli (Ef)} from pressuremeter data are depicted
in Figure 73. Various limit pressure values are summarized
in Figure 74. The PL (Theore?icaT Limit pressure) values
by the practical method are presented in Figure 74(A) and
those by the Marsland and Randolph {M&R) approach in Figure
74(B}.

As can be seen from Figure 75{A) there were very few shear
strength values obtained from Dutch Cone data between depths
of about 2 and 9 meters at Site 2. In general, the shear
strength values from the Dutch Cone were much lower than
those from the vane or from the Cambridge probe. Compared
to the vane and the Dutch Cone, the Cambridge probe gave

the higher peak undrained shear strength.

Figure 75(B) depicts comparison between the shear strength
derived from the Cambridge probe with that from the Torvane
and the hand penetrometer. Here again, the values from the
Cambridge probe were very close to those from the hand pene-
trometers and much higher than those from Torvane.
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Figure 75
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In Figure 75(C), Cambridge probe shear strength values are
compared with those from the French self boring pressure-
meters. Again, it can be observed that the Cambridge probe
strength values are fairly close to those from the French
self boring pressuremeters.

In Figure 75(D), Cambridge probe shear strength values are
compared to'laboratory values., Here, also, the values from
the Cambridge probe are very close to those obtained in the
laboratory.

Sensitivity values are presented in Figure 76. Values from
the Cambridge probe are lower than those from vane and uncon-
fined tests. When compared to the French probes also,
Cambridge probe values were lower. The K0 plots are presented
in Figure 77. The KO values predicted using the Cambridge
probe data are in the same general range as those from French
pressuremeters.

A perusal of the various moduli [initial tangent moduli (Eo)’
subtangent moduli (ES) and failure moduli (Ef)] presented in
Figure 78 would indicate the Cambridge and French probes
yield values which are similar. Even the various limit pres-
sures (both practical and theoretical) presented in Figure 79
indicate comparable results for the French and Cambridge
probes,

The shear strength depth profiles for Site 3 are presented in
Figure 80. Shear strength values from the Cambridge probe
are compared with the Dutch Cone and the vane, in Figure 80(A).
- Again, the Dutch Cone values were the lowest and the Cambridge
probe values the highest, with the vane shear strength lying
between. In Figure 80(B) Torvane values were higher than both
hand penetrometers and Cambridge values.
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Figure 80 COMPARISON OF SHEAR STRENGTH, SITE 3
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In Figure 80(C) the values from the Cambridge probe were in
the same range as those from the French probes. In Figure
80(D) the laboratory shear strength values were very similar
to the Cambridge values except at depths greater than nine
meters, where stiffer clays were encountered.

The sensitivity vé1ues (Figure 81) from the Cambridge probe
are lower than those from the vane and unconfined laboratory
tests; whereas, those from the French probes and Cambridge
probes are similar. The K0 values (Figure 82) by the French
probes and the Cambridge probe are very similar. The moduli
(Figure 83) as well as limit pressures (Figure 84) by both

the French and Cambridge probes are in the same general range.

Correlations

An attempt was made to correlate the following: (i), KO and
PI (Plasticity Index); (ii), 0.C.R. (over consolidation ratio)

and PI; and (iiji), K, and 0.C.R,

The correlations were conducted using both linear and non-
lTinear regression analysis for all three sites. These plots
are presented in Figures 85 through 93, Using Figures 85,
86, and 87 from known values of P.I., values of Ko can be
estimated. Using Figures 88, 89, and 90 from known values of
P.I., values of 0.C.R. can be estimated. From Figures 97,
92, and 93 from known values of O:C.R., values of K0 can be
estimated,.
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CHAPTER 10. SOIL DISTURBANCE

Soil disturbance due to sampling, transportation, handiing,
and trimming has been of concern to geotechnical engineers
for many years. It is known to significantly affect the
results of soil strength and consolidation tests. As part
of this project, it was proposed to examine one aspect of
the problem, namely: sample size. It is generally accepted
that the smaller the sample the greater the effect of soil
disturbance.

It is a general practice outside California to recover 3-inch
diameter undisturbed samples for laboratory testing; whereas,
in California, 2-inch diameter samples are customarily obtained
for this opurpose. The intent of this phase of the study was

to quantify the effect of this size variation for the soils
encountered at the three test sites.

Three~inch samples were taken at all three sites using Shelby
tubes in addition to the standard 2-inch sampies recovered
with the "California Sampler"., The samples subject to test
were divided into the following groupings: (1) three-inch
samples, tested after extrusion; (2) three-inch samples,
trimmed to two inches in diameter and tested; (3) two-inch
samples tested after extrusion.

The Taboratory tests that were conducted are as follows:

(1) unconfined compressive strength; (2) unconsolidated
undrained triaxial shear strength; (3) consolidated undrained
triaxial shear strength with pore pressure measurements:; and
(4) consolidation tests.
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Undrained Shéér'Strethh Study

For Site 1, the undrained shear strength values from 2-inch
sampies are the highest (Figures 94 and 95). In Site 2,

the unconfined compressive strengths of 3-inch samples were
the highest. 1In this case the trimmed samples and 2-inch
samples gave almost identical values (see Figure 96). This
was not true in the case of ClUe and UU tests (Figure 97).
Here, 2-inch sample values were the highest; whereas,
trimmed samples and 3-inch samples gave similar values.

At Site 3, most of the soil layers consist of peat (Figure
98} and the values of unconfined compressed strength given
by all three types of samples seem to be in the same general
range. But the undrained shear strength values (CUe) (Figure
99) for 2-inch samples seem to be the highest.

lOver Consolidation Ratioc Study

For all three sites, the effect of trimming 3-inch samples

to 2-inch samples seems to increase the 0.C.R. values {(Figures
100 through 102). In other words, the stress history is ob-
scured. At Site 1, (Figure 100) the 0.C.R. values from 2-inch
sampies were higher than from 3-inch samples; whereas, at
Sites 2 and 3, the two sets of values were very close to each
other.

Comparison With Parameters From In Situ Devices

The undrained shear strength values for Dutch Cone appear to
be lower than those for other in situ devices tested at the
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three sites. The undrained shear strength values from both
the French and Cambridge self boring pressuremeters generally
seem to give the highér values. The other devices, for

- example: Iowa and Vane, develop values in between. In fact,
no clearly discernible pattern emerges when the laboratory
shear strength values are compared with field in situ values.
A very general conclusion would be that the laboratory values
are generally less {(and in some cases much less) than the
pressuremeter tests. These results are plotted in Figures
103 through 108.
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UNDRAINED SHEAR STRENGTH (KG/CM2)
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CHAPTER 11;; EONCLUSIONS AND RECOMMENDATIONS

Conclusions - Evaluation
Towa BSD

This probe can be used if the borehole does not cave or
squeeze. Caltrans did not have success conducting tests
with this equipment below groundwater table. This probe
might be useful for shallow foundation design. The shear
strength parameters (c & ¢) obtained using this probe should
be correlated further with laboratory values. However, the
rapidity with which the shear strength parameters can be de-
termined can result in significant savings under conditions
in which the probe can be used. The soil disturbance
problem seems to be critical since the test is conducted in
the “smear" zone. Hence, great care should be exercised

in the preparation of the borehole.

Yane S.D.

The undrained shear strength values for soft clays canh be
determined economically with reduced soil-structure dis-
turbance. Even though Schmertmann (1975) and others object
to use of correction factors suggested by Bjerrum, it seems
that a definite correlation does exist that is related to
plasticity index for most clays. The tests conducted with
this probe were found to be quite reproducible. The test
is relatively simple to perform and thus offers economic
advantages.
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‘Dutch Cone Penetrometer

The Dutch Cohe penetrometer shows great promise for imme=
diate application. It has the potential to provide an
accurately controlied measurement of in situ ground condi-
tions. The soil disturbance due to insertion seems to be
minor in comparison to that resulting from conventional
drilling and sampling operations. The test can be con-
ducted quickly, and hence, economically. The depth of
penetration is l1imited by the reaction that can be
generated by the auxiliary equipment.

Standard Penetrometer

This probe, which has been in use for many years, is simple
to operate. It lacks controls and needs further standard-
ization of its various accessories. Many correlations
involving standard penetrometer data exist in various parts
of the world. Onily regional correlations will be of any
value. Even though it is 9 ikely to be superseded by some
form of cone penetrometer in the long term, it will continue
to be used by the industry. Research is in progress at
present to gain a better understanding of this test.

Cambridge Self Boring Pressuremeter

This probe is a very sophisticated piece of in situ equip-
ment, The system requires much electronic equipment to
monitor and conduct tests. It develops test curves which
yield much more information than any other in situ test.
The theory of interpretation is well understood now. It
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is particularly useful for large projects where finite
element analysis is absolutely essential and in which the
soils are homogeneous and free of shells or sharp objects.
Test hole preparation prior to the self boring process
through the overburden requires much care. The small drill
rig to which this probe was adapted was found to have in-
sufficient power to retract the probe from the hole in some
cases.

Test Results

Iowa B.S.D.

The field results from the Iowa Borehole Shear Device were
from shallow depths only, and hence could not be fully com-
pared with other in situ devices.

Vane S.D.
The vane shear strength values were found to be between
undisturbed and remolded values of unconfined compressive

strength.

Dutch Cone Penetrometer

The Dutch Cone test data seems to be the most promising of
all the five in situ probes evaluated. The data obtained
enables not only reconstruction of the soil profile on a
given project, but also estimation of the undrained shear
strength values at any depth. The test data can also be
used for pile design and analysis.
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Standard Penetrometer

The standard penetrometer test data could be used in its

traditional role or couid be correlated with Dutch Cone
data.

Cambridge Self Boring Pressuremeter

Although insufficient test data were generated on this
project for definitive correlations, there appears to be

@2 well defined relationship between the Cambridge self
boring pressuremeter and Dutch Cone data. The unique
pressuremeter theory permits derivation of more soil para-
meters from one in situ test than any of the other in situ
devices; As this probe has yet to gain wide acceptance,
much additional correlative work with other in situ
devices is needed.

S0il Disturbance

The data indicate that shear strength values from 3-inch
samples are generally higher than those from 2-inch samples.
This implies that values from 2-inch samples used in design
lead to conservative geotechnical conclusions. Also, in
general, the values from 3-inch samples are closer in magni-
tude to those from the Cambridge and French pressuremeters.
Trimming 3-inch samples to 2-inch samples results in shear
strength values between those from 2-inch samples and 3-inch
samples, with those from 2-inch samples being generally
lTower.,
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Recbmméndations - Probes
Jowa BSD

1. It is recommended that shear plates of larger area be
used in future commercial models.

2. The working table and the buzzer should form part of
the accessory equipment.

Yane S.D.

1. ASTM specifications for conducting vane shear tests
should specify methods for calibration on the various
accessories, such as the proving ring. In addition, rod
lengths should be standardized.

2. This probe is recommended for use in all geotechnical
investigations in soft to medium stiff clays and soils.

Dutch Cone Penetrometer

1. Regional correlation between Dutch Cone penetrometer
and various geotechnical parameters should be developed.

2. The two charts (Schmertmann and Begemann) used by the
industry to reconstruct soil profiles were found to require
further development for application to California soils.

Standard Penetrometer

1. Standardization of the various accessories of this
probe (on the drill rig) is needed.

148



2. For any particular region it is recommended that
correlations between this test (SPT) and the Dutch Cone
penetrometer test be established for the various types
of soils encountered.

Cambridge Self Boring Pressuremeter

1. This probe, while promising, is a relatively complex
device. A great deal of additional experience with it is
required prior to general acceptance.

2. It should be adapted to a Targe drill rig such as
the Mobil B-61.

Further Study

1. Based an this research effort and the work on the
French probes{1,2) a correlation has been found to exist
between Dutch Cone Penetrometer test data and self boring
pPressuremeter test data. Further research in the develop-
ment of this correlation could prove beneficial.

2. Dutch Cone test data have been found useful in
identifying soil types. The two charts in use (Begemann's
and Schmertmann's) were found to be inadequate for this
purpose. These two charts could be extended or a new
chart developed to reconstruct soil profiles.
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IMPLEMENTATION

Copies of this final report will be distributed to the
various Caltrans Headquarters Offices and 11 Transporta-
tion Districts, and to the Federal Highway Administration
for distribution within their organization.

The in situ probes evaluated in this study will be used
in routine geotechnical investigations by the Transporta-
tion Laboratory, initially. Training courses will be set
up later for practical use by the Districts. Standard
test methods are already under preparation for the
Cambridge Probe and Dutch Cone.

As an indication as to which system may be appropriate
for a given project, Table 5 has been developed.
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Chapter 1

HPR =

Chapter 2

DCP
cP
ISD
VSD =
SP =

It

Chapter 3

uu

Cle =

OCR =

Sy

t =
P 0

P ]
p

Chapter 4

[}

BSD
psi
CO2 =
Aan

T

ABBREVIATIONS AND SYMBOLS

Highway Planning and Research

Dutch Cone Penetrometer
Cambridge Pressuremeter
Iowa Borehole Shear Device
Yane Shear Device

Standard Penetrometer

Unconsolidated undrained triaxial compression
shear test

Consolidated undrained triaxial compression
shear test with pore pressure measurements

Over Consolidation Ratio

Undrained shear strength

effective overburden pressure
effective preconsolidation pressure

Borehole Shear Device

pounds per square inch

Carbon Dioxide

Incremental value of normal stress
pulling stress
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il

an-’
c =
¢
CBR

Chapter 5

T

D

H =

S

k

p

Chapter &
qc =

Chapter 7

Chapter 8

L1

cP
CSB
™
MM

1]

Normal stress
Cohesion

friction angle
California Bearing Ratig

Torque

Vane Diameter

Vane Height

Shear Strength

constant for a given vane size
gauge reading

Dutch Cone Penetrometer

Cone Resistance Or cone bearing capacity
Standard Penetrometer

blow count

Cambridge Self Boring Pressuremeter
Cambridge Probe

Cutter Set Back

Tunnelling Modyle
Measurement Module
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Chapter 9 Test Results and Discussion

UCT = unconfined compressive strength test
Cn = Correction factor for overburden pressure
Nfie]d = Blow counts corrected for overburden pressure
Ky = Coefficient of Earth Pressure at rest
Cu = peak undrained shear strength
DCPT = Dutch Cone Penetrometer Test
YST = Vane Shear Test
HP = Hand Penetrometer
TV = Torvane
E0 = Initial Target Modulus
Es = Subtangent modulus
Ef = Failure modulus
Pe = Practical Limit Pressure
PL = Theoretical Limit Pressure
M&R = Marsland and Randolph approach
P = Plasticity Index
OCR = Over Consolidation Ratio
Chapter 10 Soil Disturbance
LL = Liquid Limit
PL = Plastic Limit
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